A hybrid quantum mechanical/molecular mechanical (QM/MM) potential energy function with HartreeFock, density functional theory (DFT), and post-HF (RIMP2, MP2, CCSD) capability has been implemented in the CHARMM and Q-Chem software packages. In addition, we have modified CHARMM and Q-Chem to take advantage of the newly introduced replica path and the nudged elastic band methods, which are powerful techniques for studying reaction pathways in a highly parallel (i.e., parallel/parallel) fashion, with each pathway point being distributed to a different node of a large cluster. To test our implementation, a series of systems were studied and comparisons were made to both full QM calculations and previous QM/MM studies and experiments. For instance, the differences between HF, DFT, MP2, and CCSD QM/MM calculations of H2O· · · H2O, H2O· · · Na + , and H2O· · · Cl − complexes have been explored. Furthermore, the recently implemented polarizable Drude water model was used to make comparisons to the popular TIP3P and TIP4P water models for doing QM/MM calculations. We have also computed the energetic profile of the chorismate mutase catalyzed Claisen rearrangement at various QM/MM levels of theory and have compared the results with previous studies. Our best estimate for the activation energy is 8.20 kcal/mol and for the reaction energy is −23.1 kcal/mol, both calculated at the MP2/6-31+G(d)//MP2/6-31+G(d)/C22 level of theory.
Introduction
The study of condensed phase chemical and biochemical processes has been a major focus of computational and experimental chemists alike. In the past, molecular mechanics (MM) was the only feasible option available to computational chemists, as quantum mechanical (QM) methods typically scale as N 3 or higher, where N is the number of basis functions. 1 Recently, much effort has been put into reducing the scaling problems encountered with traditional QM methods. Great strides have been made in this endeavor via the development of fast multipole and linear scaling methods. [2] [3] [4] [5] [6] In spite of these advances, application of QM methods to full biochemical systems is still prohibitively expensive.
In large part, this problem has been circumvented by the development of hybrid quantum mechanical/molecular mechanical methods (QM/MM). Warshel and Levitt 7 first devised this scheme, with subsequent work by Singh and Kollman, 8 and Field et al. 9 Additionally, Car and Parrinello developed a unified scheme to perform molecular dynamics/density functional theory (CPMD) calculations. 10 Another extremely popular QM/MM scheme developed by Morokuma and coworkers is dubbed the ONIOM method. This is a layered method in which different model chemistries are used in combination with an additivity scheme to arrive at a hybrid result.
The third, and smallest area, is only needed when truncation of a region necessitates the cutting of a bond and, therefore, the creation of an interface region separating the QM and MM sections. 9, [12] [13] [14] [15] [16] Atoms that are believed to be most significant (i.e., directly participating in the chemical process of interest) are logical choices for inclusion in the QM region, while less critical parts of the system may be treated via classical methods. Electrostatic and van der Waals interactions between QM and MM atoms are included through a coupled potential.
Numerous groups have reported the implementation of hybrid QM/MM schemes. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Typically, these have employed semiempirical (AM1,PM3) 27, 28 or empirical valence bond (EVB) methods 29 to describe the quantum mechanical Hamiltonian. Recently, there has been a greater emphasis placed upon using ab initio 30 or density functional theory (DFT) 31 to account for the quantum interactions. [32] [33] [34] [35] Although semiempirical methods are much faster and have been used effectively, the weaknesses of these methods have also been well documented. 9, 17, 36, 37 The logical step to overcome the accuracy and applicability limitations of semiempirical theories has been to transition into using more rigorous quantum mechanical methods.
In our current work, we report the extension of CHARMM's QM/MM capabilities to utilize Q-Chem's efficient ab initio, DFT, and post-HF methods (RIMP2, MP2, CCSD). 38, 39 In addition to standard QM/MM functionality, which has become a hallmark for studying important topics such as solvation, 40, 41 spectroscopy, 42, 43 and conformational properties, 44 there has been a growing interest in developing and implementing parallel reaction path methods. [45] [46] [47] Hence, our current Q-Chem interface fully supports CHARMM's parallel/parallel replica path method (RPM) 46 and nudged elastic band (NEB) method [47] [48] [49] [50] and is, in part, based on the previous implementations of Gamess-US 51 and Gamess-UK. 52 However, unlike the Gamess QM/MM interfaces, the Q-Chem interface is completely independent of CHARMM and is therefore far easier to setup and employ.
Our CHARMM/Q-Chem interface has been designed in a general fashion to support most constraints and restraints implemented in CHARMM in addition to the major force fields incorporated into CHARMM (CHARMM, AMBER, CFF, MMFF, etc.). CHARMM's major molecular dynamics capabilities are fully supported via QM/MM with Q-Chem (i.e., MD, LD, SGLD). Very recently we have added support for CHARMM's linear free energy perturbation (FEP) routines. This not only involves support for the BLOCK routines in CHARMM, which allow for energetic analysis and FEP simulations, 53 but also support for the PERT functionality. Until now FEP calculations in CHARMM have only had the capacity to run with semiempirical QM/MM methods; 54 however, the Q-Chem QM/MM interface now fully supports ab initio FEP (PERT) calculations. Details of this will be presented in a future publication. Possible future developments of the current interface include but are not limited to Gaussian blurred MM charge gradients, QM/MM Hessians, and support for excited state QM regions.
In the following sections, we briefly review the theoretical basis on which hybrid QM/MM methodology is based and we describe the implementation of the Q-Chem/CHARMM interface that controls standard QM/MM calculations as well as parallel/parallel reaction pathway calculations. In addition, we evaluate a series of test cases to validate our implementation.
Computational Methodology
The hybrid QM/MM methodology employed in this work is based largely on the work of Lyne et al. 17 and Field et al. 9 which have described both semiempirical and ab initio/DFT QM/MM implementations. The fundamental principle which allows for this description is the definition and partitioning of an effective Hamiltonian (Ĥ eff ).
whereĤ QM is the pure QM Hamiltonian,Ĥ MM is the classical Hamiltonian, andĤ QM/MM is the hybrid QM/MM Hamiltonian.
where the first term in eq. (2) accounts for the interaction of QM electrons with external point charges and is incorporated in the wave function via the addition of one electron integrals to the Fock matrix. The second term describes the interaction of QM Nuclei with external point charges, while the third term defines the Lennard-Jones interaction energy and is needed to account for Pauli repulsion between QM atoms and external point charges. Using these definitions, one can now construct an effective Schrödinger equationĤ incorporating polarization in this manner would limit some SCF optimization schemes (i.e., dynamic integral thresholds) and would likely increase the total cost by at least a factor of two. New force fields are being developed that do allow the QM wave function to polarize the classical region. 57 In the current work, we test the Drude polarizable water model with QM/MM and try to assess the usefulness of this new model via application to simple test cases. Binding energies, E, are reported in kcal/mol. Geometric parameters are reported in angstroms (bond distances) and degrees (bond angles).
Computational Details

Hybrid QM/MM
The Q-Chem/CHARMM QM/MM interface has been implemented at the source code level in the CHARMM and Q-Chem software packages. 38, 39, 58 The premise behind this implementation is that each program can exist separately and interact with the other by passing information via files. This approach has both positive and negative aspects, but ultimately allows easy setup and application of QM/MM capability which has not always been the case. For example, this approach is different than the widely used GAMESS 51, 52 QM/MM interfaces in that no source code manipulations are needed to compile and run QM/MM calculations. A similar implementation has recently been reported using TURBOMOLE 18, 59 and CHARMM, but unlike that interface, all code needed to run QM/MM calculations exists within CHARMM and Q-Chem by default.
Reaction Path Methods
The study of chemical reactions has led to increased understanding of many important processes in fields ranging from organic chemistry to biochemistry and beyond. [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] This importance has naturally led to the development of numerous computational methods to aid in the study of these processes. The intrinsic reaction coordinate (IRC) method has clearly been the most popular. 61, 62 The IRC method uses a known transition state to fully map a pathway connecting reactants and products. Although the IRC method has many advantages, its use of internal coordinates and the requirement that the transition state be known a priori limits its application in the study of enzyme catalyzed reactions. In response to these Binding energies, E, are reported in kcal/mol. Geometric parameters are reported in angstroms (bond distances) and degrees (bond angles).
limitations, numerous chain-of-replica pathway methods have been developed. [64] [65] [66] [67] These methods typically eliminate the expensive analytic Hessian computation by approximations based upon only gradient information. In addition, Cartesian coordinates are more commonly employed to study biological systems, which avoids the high cost of coordinate transformations.
In addition to the standard QM/MM interface, we have added the ability to employ CHARMM's recently added parallel/parallel replica path method (RPM) and nudged elastic band (NEB) method. 46, 47 In our current scheme, these methods work by creating n directories, where n is the number of points used in the pathway calculation. Each QM calculation is then passed to a different processor, or group of processors, as dictated by the controlling CHARMM process. After the completion of an entire pathway step, CHARMM receives and processes all necessary information (gradients and energies) and then takes the next step of the pathway simulation/optimization.
Results and Discussion
To confirm the accuracy of our QM/MM interface, we have constructed and evaluated six test cases at multiple levels of theory, with various basis sets, and employing different classical water models. The first three of these are commonly employed to test QM/MM implementations and include the water dimer, waterchloride anion complex, and water-sodium cation complex. 9, 17, 18 In addition, the butane torsional potential and S N 2 reaction between OH − and CH 3 F have been examined using the parallel/parallel replica path method to confirm the correctness of our QM/MM Binding energies, E, are reported in kcal/mol. Geometric parameters are reported in angstroms (bond distances) and degrees (bond angles).
pathway implementation. Finally, we have used the extensively studied chorismate mutase enzyme to test the effectiveness and efficiency of our implementation on a fully solvated biological system. In all cases, previously reported experimental and theoretical results will be used for comparison. All full QM Hartree-Fock (HF), density functional theory (DFT), and perturbation theory (RIMP2, MP2) computations were performed with the Q-Chem software package. 38 All hybrid QM/MM minimizations employed CHARMM's adopted basis NewtonRaphson (ABNR) method 39 and were run until the RMS gradient reached 0.02 kcal/mol/Å (1.1 × 10 −4 hartree/bohr) or smaller. To facilitate comparison with previous theoretical results, counterpoise (BSSE) corrections were not performed. This has been shown to be approximately 1-2 kcal/mol for the water-cation test case. 71 All parameters for the QM/MM computations were taken, without modification, from the standard CHARMM27 parameter file; 72 except for sodium parameters which have been recently updated. 73 
Water Dimer
The water dimer complex has been commonly used to evaluate QM/MM interfaces. 9, 17, 18 As is standard practice, the system is partitioned into two possible configurations: the QM water can be either a hydrogen bond donor or acceptor ( Fig. 1 and Tables 1-4 ). For the classical (MM) portion of this test case, we employed three water models. The TIP3P model (which includes the average effects of water polarization), 78, 79 TIP4PEW (which has been modified to improve dipole treatment), 80 and the 5-site Drude polarizable model 57 were all used. In addition, we performed QM optimizations of this complex to have data for comparison. Binding energies, E, are reported in kcal/mol. Geometric parameters are reported in angstroms (bond distances) and degrees (bond angles).
On examining our results, we find that hybrid QM/MM calculations that have the QM water as the acceptor generally agree better with their full QM references than do calculations with QM water as the donor. This is a common result for all three water models employed; however, the Drude model performs better in this respect compared to both TIP3P and TIP4PEW. All HF QM/MM calculations significantly overestimated the binding energy of the water dimer, whereas B3LYP, MP2, and CCSD did a much better job of reproducing the full QM and experimental results. Structural parameters were typically underestimated for both QM donor and QM acceptor cases; however, QM acceptor calculations were significantly better. For example, O· · · O distances were on the order of 0.1-0.3 Å shorter in donor cases when compared with acceptor cases. 
Method
Basis set Binding energies, E, are reported in kcal/mol. Geometric parameters are reported in angstroms (bond distances) and degrees (bond angles). Binding energies, E, are reported in kcal/mol. Geometric parameters are reported in angstroms (bond distances) and degrees (bond angles).
Water-Anion Complex
The water-chloride anion complex is a well known failure of the semiempirical (AM1) QM/MM methodology. 9, 17, 18 For example, Field et al. 9 showed that treating the water with a classical force field resulted in an incorrect symmetry prediction (C 2v ), while the true global minimum is C s . When the water molecule is treated quantum mechanically (even with AM1) the correct symmetry is predicted, although the binding energy is significantly underestimated (Tables 5-9 ).
We performed ab initio calculations as references for our QM/MM test case. The highest level of theory employed was MP2/aug-cc-pVQZ, which yielded a binding energy of 15.95 kcal/mol (non-BSSE, ZPE corrected) and is in good agreement with previous MP4/aug-cc-pVTZ calculations (15.4 kcal/mol). 81 We observed incorrect symmetry predictions when using the TIP3P and TIP4PEW water models (Fig. 2) . In both cases, a C 2v structure was obtained for the global minimum (Fig. 2a) . However, application of the polarizable Drude water model correctly predicted a C s global minimum (Fig. 2b) . On average, the Drude QM/MM Binding energies, E, are reported in kcal/mol. Geometric parameters are reported in angstroms (bond distances) and degrees (bond angles). calculations resulted in structural differences of less than 0.1 Å in bond and 2-3 • in angle parameters, when compared with their full QM references (Tables 5-9 ). Although binding energies obtained via these calculations were underestimated by 1-3 kcal/mol, the fact that the structures were, both qualitatively and quantitatively, predicted correctly shows the utility of polarizable models when charged QM regions are interacting with MM environments.
Water-Cation Complex
The water-sodium cation complex (Fig. 3) is another well known example of where one can run into problems employing semiempirical QM/MM methodology. It has been suggested that since semiempirical methods use only valence electrons to describe metal atoms, it is basically reduced to a point charge model. 9 Additionally, many metal atoms have no semiempirical parameters and leave no option but to employ ab initio QM/MM methods to examine systems such as metalloenzymes.
The use of all three water models resulted in slightly overestimated binding energies, when compared with full QM references (Tables 10-14) . However, structural parameters obtained from these models were quite close to the QM results. The use of a QM water and classical sodium also showed a slight overestimation of binding energy and quite similar structural parameters when compared with full QM calculations. It should be noted that Drude and/or van der Waals parameters can be easily optimized to give better agreement with full QM results; however, no such adjustments were made in the current study.
QM/MM Replica Path Example: Torsional Potential of Butane
The conformational analysis of alkanes has long been of interest to chemists. 85 The fundamental understanding of alkane potentials is not only of interest to industrial and polymer chemists, but also holds much value to biophysicists as mono-and bilayer behavior is largely governed by these interactions. [86] [87] [88] As recently as 1997, debate over an accurate value of butane's torsional potential was ongoing. A detailed ab initio study revealed extrapolated values of 3.31 kcal/mol (120
• TS), 0.62 kcal/mol (Anti-Gauche), and 5.40 kcal/mol (Anti-Syn TS) which appears to be an accurate prediction. 89 To test the implementation of the replica path method, with Q-Chem as the quantum engine, we mapped the complete torsional potential of butane employing various QM and QM/MM levels of theory (Table 15 , Figs. 4-6 ). The standard single link atom (SLA) approach was applied. [90] [91] [92] [93] The EXGR (exclusion of QM/MM electrostatic interactions of the MM host group) method 8 was also employed. These two QM/MM schemes were compared to full QM replica path calculations, standard QM optimizations and transition state searches, and double link atom with Gaussian blur (DLA/DGMM) 13 QM/MM minimizations. In general, the SLA and EXGR QM/MM methods underestimated the Anti-Syn and Anti-Gauche energy differences while the Anti-120
• TS was treated fairly accurately. These results agreed well with other, more sophisticated, link atom treatments (DLA/DGMM). This confirms the results of a previous study that found that the type of link atom treatment plays a relatively minor role when examining QM/MM reaction pathways. 
IRC calculations confirmed that no backside ion-molecule complex exists. Additional work has been done to dynamically examine the "deep potential energy minimum" that governs this reaction and to describe the indirect reaction path that results in the intracomplex reaction occurring. 96 This reaction has also been used to benchmark various DFT methods. 95 This has shown that extreme care must be taken when using DFT and even HF methods to determine reaction barriers. Post-HF methods (i.e., MP2, CCSD) are needed to accurately describe dispersion forces. These forces commonly play a large role in determining reaction energetics and therefore must be treated correctly to ensure accurate barrier heights. A common scheme used to examine QM/MM reaction paths is the so-called forced transition method. This procedure involves restraining coordinates that appear to control the reaction (i.e., distances). In the past this has been an effective tool for mapping many chemical and biochemical reactions. 99 However, it is not hard to imagine cases where this procedure can become overly complex and in some cases impossible. The reaction in question here is one such case. Determining only two distances that force this reaction to occur would be problematic at best and impossible at worst. In complex situations, alternative methods for examining reaction paths are attractive.
Using the replica path method at the HF, B3LYP, and MP2 levels of theory, we mapped the indirect reaction path and determined the forward and reverse barrier heights (Table 16 , Fig. 7) . Our results are in excellent agreement with previous computational studies and more importantly yielded transition state analogs that had only the correct negative eigenvalue. This is an important result as we have now shown that an intelligent use of the replica path method can effectively and efficiently approximate minimum energy pathways of complex reactions.
Chorismate Mutase
The Claisen rearrangement catalyzed by chorismate mutase has been the subject of many experimental and computational studies in recent years. [100] [101] [102] [103] [104] Researchers are intersted in this reaction primarily because of its key role in the shikimate pathway of bacteria, fungi, and other higher plants. 105, 106 Another point of interest is its role in benchmarking many QM/MM methods. As a test case for our current QM/MM implementation, we computed the activation and reaction energies of the Bacillus Subtilis catalyzed Claisen rearrangement of chorismate to prephenate (Table 17 , Fig. 8 ). We also examined the geometries of the reactant, transition state analog (TSA) and product, comparing these to previously published QM/MM structures ( Table 18 ). Using Q-Chem's highly efficient algorithms, we have characterized the reaction profile of this important reaction at the highest level of theory published to date. Using the reactants and products, with chorismate and prephenate in the active site, from a previous study, 46 we employed the QM/MM replica path method to optimize the fully solvated systems and transition state analogs at the QM/MM HF/4-31G/C22, HF/6-31G(d)/C22, HF/6-31+G(d)/C22, B3LYP/6-31G(d)/C22, B3LYP/ 6-31+G(d)/C22, RIMP2/6-31G(d)/C22, RIMP2/6-31+G(d)/C22, MP2/6-31G(d)/C22, and MP2/6-31+G(d)/C22 levels of theory. To study this reaction, most researchers have employed HF or semiempirical levels of QM theory with some applying higher level vacuum based corrections. 99, [107] [108] [109] All pathways were optimized by a novel application of the replica path method in conjunction with the use of distance restraints (CHARMM's RES Distance facility). This allowed the use of the standard chorismate mutase reaction coordinate (δ Fig. 8 ) while still utilizing the replica path method to prevent hysteresis problems. After pathway optimization, all HF and B3LYP structures were confirmed to be either stationary or first order saddle points via analytic hessian calculations in the fixed field of point charges. These calculations were performed outside of the QM/MM interface with Q-Chem 3.0.
Using HF/6-31+G(d), we computed an energy barrier ( E ‡ ) of 26.2 kcal/mol and an energy of reaction ( E rxn ) of −24.4 kcal/mol which are consistent with our previously published work. Binding energies, E, are reported in kcal/mol. Geometric parameters are reported in angstroms (bond distances) and degrees (bond angles). Binding energies, E, are reported in kcal/mol. Geometric parameters are reported in angstroms (bond distances) and degrees (bond angles).
46, 99
However, E ‡ and E rxn computed at levels of theory that include electron correlation are drastically different. At the B3LYP/6-31+G(d) and (RI)MP2/6-31+G(d) levels of theory, the barrier heights of this reaction are lowered by nearly 20 kcal/mol (8.95 and 8.20 respectively, Table 17 ) which are in agreement with previously published by QM/MM studies. 26, [107] [108] [109] [110] [111] In addition, the geometrical parameters at the TSA are shifted away from those obtained with noncorrelated QM levels of theory (Table 18 ). It should be noted that increasing the level of QM theory (i.e., including electron correlation) had only a minor effect on E rxn , while the barrier regions (e.g., TSA), which are typically far more strained and/or diffuse in nature were significantly affected by the inclusion of correlation. We believe that our energy of reaction results are an improvement over previously published work (Table 18) . 107, 108 This is due to the improved handling (via the replica path method) of the product (prephenate) state which Ranaghan et al. state to be problematic.
Given the fact that DFT is known to behave erratically for the prediction of barrier heights, we feel that this is a good test case for benchmarking the behavior of QM methods within a QM/MM framework. Of particular note in this example is the use of MP2 methods to treat the QM region. In recent work, researchers have found the use of QM/MM at the full MP2 level to be too time consuming to be practical. 107 We show here that by employing QChem with CHARMM, not only can full MP2 be practical, but the use of RIMP2 (approximately half the cost of MP2) also yields nearly identical results. 
Timings
One of the fundamental reasons for employing the QM/MM methodology is its ability to treat large biologically relevant systems at a level of theory that is both accurate and affordable. The chorismate HF/MM and B3LYP/MM calculations run on 8 processors (4 dual nodes with gigabit ethernet connectivity) took only 3.6 and 4.1 min, respectively. Another interesting aspect to examine is the time required to do the QM part of the calculation versus the QM/MM part. On running just the 24 atom QM region, we get the following timings at the HF (8.73 min), B3LYP (11.6 min), RIMP2 (27.2 min), and MP2 (59.1 min) level of theory again with the 6-31+G(d). This is interesting as in some cases more than half of the CPU time is spent computing the QM/MM interactions which suggests that efficiency improvements in this part of the calculation could yield significant benefits with respect to the total computational cost.
Conclusions
A hybrid QM/MM potential has been implemented between CHARMM and Q-Chem highlighting new parallel/parallel methods for studying reaction pathways. Our new QM/MM interface follows closely to those previously developed, with the exception that it uses external data sharing rather than enforcing the requirement of joint compilation. The new interface completely supports both the parallel/parallel replica path method and nudged elastic band methods as implemented in CHARMM. Both SLA and EXGR link atom methods are supported. The new interface supports HF, DFT, RIMP2, MP2, and CCSD QM/MM minimizations and can be extended to support excited state methods (i.e., spin-flip methods). [112] [113] [114] To confirm our implementation, we evaluated several test cases. In particular, the use of the new Drude polarizable water model in QM/MM calculations presents an interesting opportunity to better describe solvent-solute interactions with QM/MM potentials. We have shown that this approach is not only available but can also yield better results than the use of TIP3P waters in QM/MM solvation studies. The example we point to here is that the use of the Drude water model yielded the correct symmetry for the chloride-water complex, whereas both TIP3P and TIP4PEW were unable to find the global C s minimum.
We examined a gas-phase S N 2 reaction to illustrate the usefullness of replica methods and demonstrate the functionality of our parallel/parallel interface. Our results were in excellent agreement with previously published high level QM studies of the OH − +CH 3 F → CH 3 OH+F − reaction. We also note that care must be taken when choosing a QM method for studying reaction paths as the correct description of dispersion plays a key role in accurate barrier height predictions. Using our QM/MM interface, post-HF pathway (i.e., MP2, RIMP2, CCSD) optimizations can easily be carried out to avoid this problem.
We employed the replica path method in conjunction with distance restraints to characterize the reaction profile of the chorismate mutase catalyzed Claisen rearrangement. We computed both E ‡ and E rxn at various QM/MM levels of theory and found that the inclusion of electron correlation (DFT, RIMP2, MP2) gives significantly different results than non-correlated (HF) methods. From our results it is clear that the level of QM theory used in QM/MM calculations has a large effect on the results of transition state geometries and barrier heights. When examining a reaction path where the accurate description of diffuse and/or strained transition state analog(s) is of vital importance, the use of correlated QM methods may be essential.
